Phosphate plays a role in a number of body functions: calcium phosphat'e is a prominent constituent of skeletal structures; organic phosphate complexes are of importance in energy transformations within cells; and, as the chief buffer component of the urine, inorganic phosphate aids the body in balancing its acid base requirements. Since the urine is the major portal of exit for excess phosphate of dietary origin, the renal mechanisms controlling loss or conservation of the body's stores of inorganic phosphate are of prime interest.
urine collection period.
Urine flows were maintained high to avoid dead space errors.
Bloods were drawn witlhout stasis at the midpoint of each urine collection period either from the jugular vein or from a retention needle in the femoral artery.
Since no arteriovenous difference for phosphate has been observed at any plasma level, arterial and venous bloods have been used interchangeably. Continuous intravenous infusions have been administered throughout tlhe experiments at 5,7.5 or 10 cc. per minute through the saphenous vein. Creatinine, for the measurement of glomerular filtration rate, has been incorporated in the infusions in amounts sufficient to maintain plasma concentrations of approximately 40 mgm. per cent. A 0.5 molar solution of di-and monobasic sodium phosphate (pH 7.4) was added to the infusions in increasing amounts to attain the desired plasma concentrations. Each new infusion was administered for 15 to 20 minutes before beginning the experimental periods to establish approximate equilibrium and to minimize changes in plasma concentration during these periods. The infusions containing small amounts of phosphate were brought to approximate isotonicity by addition of glucose or sodium chloride. As will be evident later, sodium chloride is to be preferred.
Calorimetric analyses of creatinine, phosphate and glucose were performed with a photoelectric calorimeter using appropriate filters. The Folin and Wu met,hod (5) for creatinine was applied to iron filtrates of plasma (20) and to diluted urines, with the precaution of making each calorimeter reading exactly 10 minutes after the addition of alkaline picrate. Phosphate was determined on trichloracetic acid filtrates by a modification (12) of the method of Fiske and Subbarow (3) . Chloride was determined by the method of Schales and Schales (14) as modified by Summerson (21) , and glucose by the Folin method (4) as modified by Shannon, Farber and Troast (17) .
RESULTS. The determination of the ma.ximum tubular reabsorptive capacity for phosphate.
We have quantitated the amount of phosphate reabsorbed by the renal tubules in a minute's time as the difference between the quantity filtered through the glomeruli and the quantity excreted in the urine. The quantity filtered is the product of the number of cubic centimeters of plasma filtered through the glomeruli each minute, as determined by the creatinine clearance, and the quantit!y of phosphate contained in each cubic centimeter of this plasma. The quantity excreted is the product of the number of cubic centimeters of urine formed each minute and the quantity of phosphate contained in each cubic cenGmeter of this urine. of phosphate phosphorus per 100 cc. or per minute.
All phosphate values are expressed in terms of milligrams Such an analysis implies that inorganic phosphate is freely filterable from the plasma. In the amphibian kidney this has been shown to be true by Walker and Hudson (22) by comparing phosphate concentrations in plasma and in fluid drawn from the glomerular capsule. Free filtration from mammalian plasma through collodion membranes has been demonstrated by Smith, Ollayos and Winkler (19) , by Fay, Behrmann and Buck (2) and by unpublished results obtained a number of years ago by the senior author. The finding of Harrison and Harrison (7) of appreciable binding remains unexplained.
The relevant data from one rather extensive experiment on dog 1 are presented in table 1. Urine flow was maintained high to avoid dead space errors. Glomerular filtration ratle remained quite constant, indicating a satisfactory physioiogic state of the anima1.l Plasma phosphate concentration was increased stepwise over a range from 1 to 31 mgm. per cent, yet within any group of three periods the rise was gradual. These points are worthy of emphasis as criteria of an adequate experiment and they perhaps explain the divergence of our results and those of previous investigators. It is evident from the first 3 periods of table 1 that, of the phosphate filtered normally, essentially all was reabsorbed, 1 per cent or less appeared in the urine. Plasma phosphate was extremely low in the initial periods of this experiment, undoubtedly as a result of the infusion of glucose (9) . However, in other animals in which plasma phosphate was in a more normal range of 3 to 4 mgm.
l The slight drop in glomerular clearance noted in the last 3 periods was accompanied by manifestations of severe tetany. Tetany in our animals was treated by the administration of calcium gluconate intravenously and subcutaneously at the end of the experiment.
As a consequence no animals were lost from this cause, although tetany, at times, was extreme.
per cent, similarly low excretion rates have been noted.
It should be emphasized that these animals had been fasted some 18 hours before experimentation, a factor of importance in determining the low excretion rate.
As plasma phosphate concentration and hence the amount filtered was increased, the quantities excreted and reabsorbed increased (second group of 3 periods).
In the last 6 periods a reabsorptive maximum of approximately 3 mgm. per minute was attained, the excess being excreted in the urine.
The significant features of this experiment are more readily comprehended by plotting the quantity of phosphate reabsorbed by the tubtiles and excreted in the urine against the quantity filtered through the glomeruli, i.e., the amount presented to the tubules.
Such a plot, in figure 1 , emphasizes the limited reabsorptive capacity of the renal tubules for phosphate and the quantitative delivery of the excess into the urine. A series of similar but shorter experiments, totaling 78 clearance periods, were performed on dogs 4 and 5, the results of which are presented in figures 2A and B. In figure 2A the quantity of phosphate reabsorbed per minute is plotted against plasma phosphate concentration; the range of plasma concentration extending from 2 to 52 mgm. per cent. It is evident that these dogs reabsorbed on an average somewhat more phosphate than the preceding one, a little over 4 mgm. per minute. However, a limitation of reabsorptive capacity is equally evident. The scatter of the data is scarcely more than might be expected from random experimental error. However, in the periods below about 16 mgm. per cent, either glucose or saline were incorporated at random in the infusions to render them approximately isotonic. As will be evident later, some variability may have been introduced by the addition of glucose.
In figure 2B the ratio of the phosphate to the creatinine clearance is plotted against plasma phosphate concentration. The increase in phosphate clearance electrolyte pattern, It might be presumed that disturbance of this electrolyte pattern would alter the reabsorptive capacity for phosphate. Chloride, as the most abundant anion of plasma, has accordingly been studied during saturation of the reabsorptive mechanism for phosphate. From table 1 it is apparent that saturation of the phosphate reabsorptive system is without effect on reabsorption or excretion of chloride. The decreased chloride reabsorption, noted in the last 3 periods of this experiment, results from a combined fall in both plasma concentration and glomerular filtration rate and not from any increased excretion.
This experiment has been reversed as indicated in table 2. The phosphate reabsorptive system has been maintained saturated and chloride reabsorption and excretion increased by infusing sodium chloride.
Considerable increases in chloride excretion and reabsorption are without effect on the reabsorptive capacity for phosphate. Similar conclusions may be drawn from experiments on bicarbonate (table 4; figs. 3A and B) presented below in another connection.
Thus the phosphate reabsorptive mechanism is relatively stable and independent of moderate shifts in general electrolyte pattern. Similarities between the phosphate and glucose reabsorptive mechanisms. Because of the similarity of the phosphate and glucose reabsorptive mechanisms and because glucose reabsorption is presumed to be dependent upon a process of tubular phosphorylation
(1) , we have studied the effects of simultaneous saturation of the glucose mechanism upon the tubular transport of phosphate. In these experiments, presented in table 3, the plasma phosphate concentration has been maintained at a level sufficient to ensure tubular saturation. Glucose has then been infused in increasing amounts to saturate its reabsorptive system. It is evident from two reansorptive mecnanisms interact as a result of some competition for an element, common to the two mechanisms.
Phlorixin is known to block the reabsorption of glucose without seriously affecting the reabsorption of phosphate. The results obtained on repeating this experiment as before, but terminating it by administering phlorizin, are given in experiment 2. Note that as glucose reabsorption increased from 87 to 219 mgm. per minute, phosphate reabsorption diminished from 2.95 to 2.0 mgm. per minutle. As shown by the last two periods essentially complete blocking of glucose reabsorption by phlorizin was attended by increased phosphate reabsorption, an increase, as a matter of fact, to a value higher than the initial control. This suggests that the normal reabsorption of even 87 mgm. of glucose per minute diminished the capacity of the tubules to reabsorb phosphate. This effect of phlorizin, in restoring the reabsorption of phosphate depressed by glucose, is further illustrated by experiment 3. These results indicate that, while there are some factors common to the reabsorptive mechanisms for glucose and phosphate, t!hese two mechanisms cannot be identical throughout, for the former is phlorizin sensitive while the latter is not.
As was mentioned earlier, it is possible that the glucose depression of phosphate reabsorption may have introduced some variability into the experiments plotted in figure 2 , for approximately half the points below 16 mgm. per cent plasma phosphorus were obtained in experiments in which glucose had been incorporated in the infusions to render them isotonic. The amount of this added glucose was small, however, and comparison of the data from experiments with ROBERT F. PITTS AND ROBERT S. ALEXAIC' DER glucose and with chloride indicated that any tendency for the glucose to lower the values for reabsorption in these early experiments was too small to be distinguished from the random experimental error. Independence of the tubular reabsorptive mechanism for phosphate and the mechanism for acidifying the urine.
It is generally recognized that phosphate is the chief buffer present in normal urine and that the elimination of strong mineral acids from the body depends in part on the ability of tlhe kidney to excrete urine containing phosphate in the form of an acid salt (11). Harrison and Harrison (8) maintain that the reabsorptive capacity of the renal tubules for phosphate is diminished in conditions of acidosis and account for the known increased phosphate elimination early in acidosis on this basis. Since the point is fundamental to an understanding of the renal contribution to acid base balance, we have compared the phosphate reabsorptive mechanism under conditions of acidosis and alkalosis. Our experiments on acidosis have been performed on animals to which 500 cc. of 1 per cent hydrochloric acid had been administered by stomach tube each day for 4 or 5 days, including the day of the experiment.
For the experiments on alkalosis, similar amounts of 1 per cent sodium bicarbonate were administered. A preliminary experiment which indicates that the maximal reabsorptive capacity for phosphate is unchanged by an acute shift from acidosis to alkalosis is given in table 4. Phosphate was infused throughout the experiment at such a rate as to maintain plasma concentrations relatively constant between 14 and 16 mgm. per cent. After three control periods of moderate acidosis, indicated by a COa combining power of 45 vol. per cent, sodium bicarbonate was added to the infusion to produce a progressively rising alkali reserve, reaching a final value of 93 vol. per cent. In the control periods tlhe urines were quite acid, in t!he later periods they were alkaline.
The significant feature is that the quantity of phosphate reabsorbed was the same during the initial periods of acidosis and the final ones of alkalosis, averaging 3.2 mgm. of phosphate phosphorus per minute in each instance.
While the maximal reabsorptive capacity for phosphorus is evidently the same for conditions of acidosis and acutely produced alkalosis, it was felt that some difference in the kinetics of the mechanism might lead to a more gradual satura- tion of the system, and hence to a more pronounced rounding of the reabsorptive curve within the physiological range of plasma phosphate concentration. Accordingly, comparisons of the significant part of the reabsorptive curve above and below saturation levels were made in dogs 1 and 2 under conditions of acidosis and alkalosis. These experiments are summarized in graphic form in figures 3A and B.
The two experiments on each of the dogs are distinguished by the solid and open symbols. In figure 3A , the solid dots represent one experiment on dog Z in which plasma CO:! combining power was 61 vol. per cent and urine pH varied from 7.4 to 7.9. The hollow dots represent a repetition of this experiment under conditions of acidosis, in which the CO2 combining power was 32 volumes per cent and urine pH varied from 5.1 to 6.3. In figure 3B is presented a similar 5 . In this experiment the inulin clearance was used as a measure of glomerular filtration rate because of the appreciable buffering capacity of creatinine in highly acid urines. The severity of the acidosis is indicated by the arterial pH of 7.30 and a COZ combining poI;yer of 29 vol. per cent. The titratable acidity was determined by titrating the urines to the pH of the plasma electrometrically; and, expressed in millimols per minute, is a measure of the activity of those renal base conserving mechanisms dependent on urinary buffers. In the two control periods of table 5, despite the severity of the acidosis and the normal plasma phosphate concentration, essentially all the filtered phosphat,e was reabsorbed, less than 0.5 per cent appearing in the urine. As a consequence of the absence of buffering substance in the urines, although the pH was low (5.27 to 5.40), the titratable acidity was negligible. It should be emphasized that) these animals were fasted 18 hours prior to experimentation.
In an absorptive state some phosphate would obviously have been available for excretion in the initial two periods. In the last four periods, in which plasma phosphate was elevated to very high levels with the consequent excretion of large amounts of phosphate, the titratable acidities rose to high levels: in the last period, amounting to 0.208 millimol per minute. This amounts to the excretion of 300 cc. of 1.0 normal acid per day. It is evident that the availability of phos-phate and not the severity of the acidosis, is the factor which determines the extent to which this buffer is excreted in correcting an acidosis produced by mineral acid. Table 5 likewise shows the activity of the renal ammonia mechanism in correcting the acidosis.
In the initial periods, ammonia excretion accounts for some 10 times the saving of base effected by buffer excretion. In the succeeding periods, however, both the relative and absolute contributions of the ammonia mechanism are subordinated to the buffer mechanism when phosphate is available in excess. DISCUSSION. The experiments presented indicate that the renal reabsorptive mechanism for phosphate, like that for glucose (IS), is relatively stable and limited in its transport capacity. what further than this, for the two substances compete in reabsorption.
Similarities between the two systems extend someThe explanation of Shannon and Fisher (16) betyeen phosphate and glucose in
The rate of reabsorption, stances combine in the process of reabsorption. when th .e mechanism 1s saturated, is presumed to be posi ti .on of the complex formed with this intracellular set by the component.
rate of decomCompetition between glucose and phosphate in renal reabsorption might therefore be due to some link in the reabsorptive processes common to the two substances. If such is true, there must be an initial step in the reabsorptive process different for glucose and phosphate, for reabsorption of the former is blocked by phlorizin, while that of the latter is not.
Accordingly one might postulate some variation of the scheme shown in the upper part of figure 4 . The blocking of glucose reabsorption by phlorizin would tend to free this common component x for the sole transport of phosphate, explaining the observed restoration of phosphate reabsorption initially depressed bY d ucose (table 3) . Another explanation, suggested by the work of Selkurt (15) 7 indica tes that th .ere may be competition on the basis of available energy, as indicated in the lower part of figure 4 . If the glucose reabsorptive mechanism is blocked by phlorizin, the energy originally diverted into these channels becomes available for the phosphate system. Glycin and phosphate do not com-ROBERT F. PITTS AND ROBERT S. ALEXANDER pete in reabsorption, and, while this might be used as an argument against competition on an available cellular energy level, it might only be an indication that these two substances are reabsorbed by different renal cells. Selection between these and other explanations does not seem possible at present.
The slight rounding of the reabsorptive curve as the maximum is approached (see fig. 1 ) is quite similar to that observed for glucose in man by Smith (18) and perhaps has a similar explanation.
Smith maintains that it is due to a disparity between the filtering capacity of individual glomeruli and the reabsorptive capacity of their attached tubules.
Thus the reabsorptive capacity of certain nephrons may be exceeded at low plasma concentrations, while that of others requires higher concentrations for saturation. Accordingly, there is a splay in the tubular titration curve.
This rounding of the curve is less evident in a mass plot<, such as that in figure 2 , though evident in the majority of the individual experiments making up that plot. It is quite apparent in figures 3A and B. Whatever may be the cause of the splay in the reabsorptive curve it obviously is the basis of the indefinite excretory threshold.
The splay in the curve also emphasizes the necessity for loads safely in excess of reabsorptive capacity, in measuring tubular maximum reabsorptive capacity for phosphate.
The relative stability of the reabsorptive mechanism for phosphate and its independence of the general electrolyte pattern and acid base relations of the plasma have interesting implications.
It indicates that phosphate, which normally makes up considerably less than one per cent of the plasma electrolyte, is handled by the kidney in a specific fashion and not merely as an indifferent plasma electrolyte. This is not surprising in the light of the important functions which phosphate subserves within body cells. The conservation of a certain basic store of circulating inorganic phosphate, with provision for the excretion of any excess that may be taken into the body, seems admirably served.
Phosphat#e is no less valuable to t'he body in conditions of acidosis than alkalosis and its conservation no less importsant.
Its function as a significant urinary buffer, permitting the excretion of acid and the conservation of base, is peculiar to phosphate by virtue of the fact that it is the buffer which normally is present in the body in excess.
Our finding of identical characteristics of the reabsorptive process in acidosis and alkalosis is most reasonable when one considers the work on the amphibian kidney from the Richards school. Thus Walker and Hudson (22) showed in nectuLs that phosphate is reabsorbed in the proximal tubule, while Montgomery and Pierce (10) shoived that acidification of the urine takes place in a very localized segment of the distal tubule. Thus the reabsorption of phosphate and the acidification of the urine are not only physiologically distinct processes, as indicated by our results, but are localized in morphologically separate portions of the renal tubule, as indicated by the work on the amphibian kidney.
It is generally conceded that acidosis increases the excretion of phosphate. However, that increase is limited to the first few days of acidosis, phosphate excretion diminishing thereafter accompanied by a rise in ammonia excretion (11) . In the absence of a change in the renal reabsorptive process this can mean only 1%. an increase in the urine/fecal excretion ratio and/or 2, the mobilization and loss of a limited store of labile body phosphate.
Harrison and Harrison (7, 8) lay great emphasis on the renal threshold as the prime determinant of plasma phosphate concentration. While in a sense this is t,rue, plasma phosphate is equally determined by the rate of absorption from t'he gut and the equilibrium between circulating phosphate and intracellular or skeletal phosphate.
Thus a change in plasma phosphate concentration is no indication per se of a parallel change in renal threshold.
For example, the infusion of glucose lowers plasma phosphate and as a consequence diminishes phosphate excretion (9) . Similar effects are produced by hyperventilation (6)) while breatlhing CO2 raises plasma phosphate and increases excretion (6) . These changes are indications of altered equilibria between phosphate stores and circulating phosphate, rather than alterations in the renal mechanism governing phosphate excretion.
Presumably the major effect of acidosis on phosphate excretion is of t,his character.
Any critical analysis of the contrary results of the Harrisons (8) of the effects of acidosis on tubular reabsorption of phosphate is impossible because of their limited present#ation of data. Their figures of the quantities of phosphate reabsorbed per unit time under varying conditions are without significance, unless itI is known capacity by dat'a.
that the load presented to the tubules exceeds the reabsorptive a safe margin.
These facts cannot be derived from their published SUMMARY 1. The renal tubular reabsorption of inorganic phosphate has been assessed ab plasma levels from 1 to 52 mgm. of phosphate phosphorus per 100 cc.
2. Phosphate is reabsorbed by an active mechanism which exhibits a limitation of transfer capacity.
When the tubular load exceeds the reabsorptive capacity, the excess is excreted quantit#atively.
The maximal rate of reabsorption is attained at somewhat higher loads than are necessary to initiate excretion. As a 3.
consequence no Phosphate and sharp renal threshold exists. glucose compete in renal reabsorption. which blocks the reabsorptlion of glucose, is without effect or may increase sli .ghtly the reabsorption of phosphate.
This indicates that whatever may be the basis of the competition, the renal mechanisms cannot be identical in their entirety.
Yet phlori zin, 4 . Considerable change in the electrolyte and acid base pattern of are without effect on the kinetics of the reabsorption of phosphate.
